This study developed an optical module for laser headlamps with a tunable light field. Laser headlamps have high and low beam lighting functions that are applied by changing the numbers of unit headlamps. For regulatory validation, we validated the project in accordance with the Regulation No. 112 of the Economic Commission for Europe (ECE) to determine whether the results meet the regulatory requirements or not. The proposed design increased the lighting distance by 2.14 times and decreased the size of the mechanism by 45% relative to the values for LED headlamps. High and low beam lighting functions were provided by the same laser sources.
Introduction
In the past, the reflector of traditional steam headlamps was made up of a parabolic reflector and a lampshade with a complex pattern. With the advancement of technology and the popularity of computers, light source factories can now use computers to design the optical systems of auto lamps. The reflector and lampshade are designed with an accurate bulb illumination model. Through calculation with a computer for many ray tracing instances, we can obtain road lighting computer simulation results. Credibility and the success rate can be improved through an optical design. At present, projected auto, multiple mirror-type auto, and free-form curved surface reflective lamps are available [1] . The usual headlamp lens is made of glass or plastic, and the light of the bulb is projected into a broad, uniform beam through the square mesh above. The lenses of traditional enclosed projection lamps are designed with a round shape to achieve uniform illumination. After the halogen bulb was introduced in the 1980s, circular reflectors were replaced by complex cone-shaped reflectors because the beam could be projected by the reflective surface around the bulb but not the lens; thus, the shape of the lampshade need not be round. The headlamp shape is also changed remarkably, and the lampshade can be designed differently as the bulb or reflector changes. Modeling has become the focus of lampshade design. the production of three kinds of laser light and their luminous efficiency [15] . The first is a kind of white light mixed with red, green, and blue fluorescent powder at a ratio of 1.65:1:3.45 and excited by a near-ultraviolet (wavelength of 402 nm) laser diode called RGB1. The second one is a kind of white light mixed with red, green, and blue fluorescent powder at a ratio of 3.3:1:2.3 and excited by a near-ultraviolet (wavelength of 402 nm) laser diode called RGB2. The third one is a yellow YAG:Ce phosphor excited by a blue light (wavelength of 442 nm) laser diode. The authors pointed out that the white light of yellow YAG:Ce phosphor powder excited by blue light has a lower Ra value and better luminous flux and efficiency than the two other methods [15] . In consideration of discarding the color rendering index in illumination application, the blue light source is selected to excite YAG:Ce to obtain white light because it has high luminous efficiency. Nowadays, LED technology is becoming increasingly advanced, and many auto manufacturers are looking for next-generation light sources. Laser is the most advanced technology at present. Audi, BMW, and other automakers have successively used laser headlamps in their cars.
In 2011, BMW began to study the application of laser headlamps in civilian vehicles. The numerous advantages of laser headlamps make them extremely attractive. BMW officially announced the mass-production model of i8 in Frankfurt in September 2013. i8 is equipped with a new laser light. This laser light can halve the energy consumption, increase brightness, and is compatible with i8, which emphasizes energy efficiency. It also addresses the urgent need for energy saving and environmental protection. This laser headlamp on i8 is merely the beginning, and BMW plans to deploy this technology in other automobiles [16, 17] . In 2014, Audi introduced R8 LMX equipped with a laser headlamp through a new matrix laser illumination technology that projects the beam onto the pavement through a group of electromechanical micro-optics systems that can be moved quickly and designed with a silicon component [18] . At a low driving speed, the light beam is distributed to a large projection area, thereby covering a wide range of road ahead. At a high driving speed, the aperture angle of the laser beam is reduced, and the intensity of the light source and the range of illumination are increased considerably in synchronization, which is particularly helpful when driving on highways [18, 19] .
Laser headlamps will be developed with multi-functionality and intelligent control in the future. In terms of versatility, laser headlamps are likely to be optically designed due to the small size of laser diodes. With an optical design, a laser headlamp is no longer limited to a single function, and daytime running light, direction light, and fog light will be integrated into a single light module in the future to provide increased car space. In terms of intelligent control, given that computing speed has been increasing continuously, computers can now show the car light signal in real time under different road conditions, and a headlamp can produce a corresponding light field that is featured by the instant lighting of the laser diode. The modulation speed of the light field is not hindered. In the coming years, this kind of auto lamp will provide drivers a safer driving environment that the one at present.
Model Establishment and Optical Calculation of the Laser Headlamp

Optical Design and Analysis Process of Laser Light
In terms of designing the laser headlamp architecture, first, we must consider the construction of headlamps, including the light source, phosphor, and reflector. Second, we should adjust the direction of the reflector to reflect the light to the work plane completely. Third, we should analyze the shape of the light field on the work plane to determine if it conforms to the specification of the ECE R112 near-light field shape [20, 21] . If the light field fails to satisfy the light field shape specification, the reflection surface must be redesigned. Fourth, we should design a micro mirror on the reflector to meet the illumination value of each measurement point in ECE R112. Fifth, we should build and analyze the lamp module and use multiple modules to build a complete lamp system for the headlamp to satisfy high beam specifications and the size of the low beam field. Then, we should have a complete lamp module. The process of simulation and analysis is shown in Figure 1 . 
Setup of the Light Source and Phosphor Model
The white light of this study is generated by a neon laser that excites a yellow phosphor. In the selection of a laser light source, we use the laser diode of model PL450B in the OPTO series of OSRAM, which is 460 nm in wavelength, 3.08 mm in diameter, and 2.8 mm in height [22] . In the selection of phosphor, we use YAG:Ce (Y3Al5O12:Ce 3+ ) in the study of Kristin et al as the basic model of phosphor [15] . The white light generated by the phosphor has a luminous flux of 252 lumens and a luminous efficiency of 76 lumens per watt. This light is suitable for use as a headlamp illumination source because of its high luminous efficiency. When the phosphor is excited by light with a wavelength of 460 nm, the refractive index is 1.809 and the absorption coefficient is 0.383 cm −1 . In terms of volume, we refer to the phosphor used in the BMW i8 laser headlamp, as described in [23] , and the volume is defined as 3 × 3 × 1 mm 3 .
Design Concept of the Reflector
The design processes of the 3D reflector is complicated. Hence, we created a reflector from a conic curve in a rotationally symmetric way. The conic surface graph shows that each curve has a corresponding focus and different curved surfaces can be determined by the sag equation [24] [25] [26] , which is shown in Formula (1). A conic constant comparison table of each conic curve has been provided by [24] .
= sag( ) = 1 + 1 − (1 + ) ⁄
(1) where = + , R is the radius of curvature, z is the height difference of the Z axis, and k is a conic constant. If the conic constant is k = −1 and the light source is placed in focus, the light reflected back from the reflector will form a parallel beam. A reflector with a cone constant of 0 < k < −1 will have a light gathering effect, the light emitted from the focus of the mirror with a conic constant of k < −1 will be divergent, and the light of a reflector with a conic constant of k = 0 will be reflected back to the focus [24]. These results indicate that when the light source is at the focal point of the reflector 
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where r 2 = x 2 + y 2 , R is the radius of curvature, z is the height difference of the Z axis, and k is a conic constant. If the conic constant is k = −1 and the light source is placed in focus, the light reflected back from the reflector will form a parallel beam. A reflector with a cone constant of 0 < k < −1 will have a light gathering effect, the light emitted from the focus of the mirror with a conic constant of k < −1 will be divergent, and the light of a reflector with a conic constant of k = 0 will be reflected back to the focus [24] . These results indicate that when the light source is at the focal point of the reflector with a conic constant of k < −1, divergent light can be generated. Therefore, we set the conic constant of the reflector as −2 with an elliptical shape, a long axis of 12 mm, and a short axis of 9 mm, as shown in Figure 2a . To ensure that all the light can be reflected by the reflector to the work plane at 25 m, reflector S is placed on the XY axis, and the light is reflected by reflector S to the coordinates (0, −2442, 10,000), as shown in Figure 2b . When the reflector is rotated to the Y-axis by −4.07 • based on the law of reflection, the light can be irradiated onto the work plane of the coordinates (0, −2442, 25,000), as shown in Figure 2c . From the figure, we determined that the reflector is designed with a cone constant of −2, and the material is aluminum with a reflectivity of 0.9204. The above steps are for the design of the reflector with high beam function. Then, we design the reflection surface for low beam function. In this step, we only consider the shape of the light field specified in ECE R112 and not the size of the light field. In ECE R112, the low beam field must have a light/dark cut-off line that divides the light field into upper and lower sides. The upper side is a dark area whose function is to prevent drivers from being dazzled by oncoming vehicles. The lower side can illuminate the pavement. The cut-off line is in the middle of the light field. The left half of the line is horizontal, and the right half is straight with an inclined horizontal line of 15 • . According to the above regulations, we cut the elliptical shaped reflector. The left side is cut from the middle horizontal line, and the right side is cut from the straight line with an inclined horizontal line of 15 • . The cut shape is shown in Figure 2d . The map of the light field that is irradiated onto the work plane is shown in Figure 2e . Therefore, when the lamp is operated in the low beam mode, its reflector is as shown in Figure 2d . When it is switched to the high beam mode, another reflector is added by the moving device to form an elliptical reflector, as shown in Figure 2a .
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Design of the Micro-Mirror
After the design stage is completed, we project the light onto the work plane (25 m ahead of the headlamp), analyze the preliminary illumination on the light field on the work plane, and compare it with the specification of low beam illumination in ECE R112. We present a comparison table of the measurement results and regulatory illumination points in Table 1 . The table shows that the illumination values through the simulation at Points 75R and 50R do not meet the illumination value specified by the regulation. To improve the illumination values of the two points, we must direct the light to Points 75R and 50R by adjusting the light-emitting direction of the micro-blocks on the reflector so that the two-point illumination values can meet the regulatory standards. We identify the reflector block corresponding to Point 75R on the work plane then select a larger block on the reflector as the reference plane to reflect the light onto the work plane. The light field contains Point 75R. 
After the design stage is completed, we project the light onto the work plane (25 m ahead of the headlamp), analyze the preliminary illumination on the light field on the work plane, and compare it with the specification of low beam illumination in ECE R112. We present a comparison table of the measurement results and regulatory illumination points in Table 1 . The table shows that the illumination values through the simulation at Points 75R and 50R do not meet the illumination value specified by the regulation. To improve the illumination values of the two points, we must direct the light to Points 75R and 50R by adjusting the light-emitting direction of the micro-blocks on the reflector so that the two-point illumination values can meet the regulatory standards. We identify the reflector block corresponding to Point 75R on the work plane then select a larger block on the reflector as the reference plane to reflect the light onto the work plane. The light field contains Point 75R. According to the energy conservation principle, the product of the reflector area (S o ) and the illumination value (E o ) of the reflector is equal to the product of the light field area (S ν ) of the work plane and the illumination value (E ν ) measured at the light field of the work plane, as shown in Equation (2), which is simplified to Equation (3) .
where t = S v /S o . Next, we divide the light field into "m" columns and "n" rows, as shown in Figure 3a , where G(i,j) represents the block of the ith column and jth row. Then, the energy Q(i,0) of the ith column is the product of the illumination value (E ν ) measured at the light field of the work plane and the area of the ith column, as shown in Equation (4) .
where k(i,j) is defined as 1. Thus, the work plane light field energy (Q 0 ) is the "m" column energy set, as shown in Equation (5).
Similarly, the energy Q(0,j) of the jth row is expressed in Equation (6) and satisfies Equation (7).
After analyzing the light field energy on the work plane and further examining the reflector, we define the length of the reflector as "a" mm and its width as "b" mm, where "a" and "b" are 1, as shown in Figure 3b . g(i,j) represents the block of the ith column and the jth row, which corresponds to the G(i,j) block on the light field. The length of the g(i,j) block is "pi" and the width is "qi". Then, the energy Q(i,0) of the ith column of the reflector is equal to the product of the illumination value E o measured on the reflector and the area of the ith column, as shown in Equation (8) .
We use Equations (2)- (5) and (8) to solve the simultaneous equation and find the length qi of the ith column. Then, the energy Q(0,j) of the jth row is derived using Equation (9) .
Then, we use Equations (2), (3), (6), (7), and (9) to solve the simultaneous equation and determine the width (pi) of the jth row and the space coordinates of g(i,j) through the values of pi and qi. We obtain the first micromirror whose positions on the XY space coordinates are (−0.49, −4.50), (−0.49, −4.49), (−0.50, −4.49), and (−0.50, −4.50). Then, we define the XY plane of the primary reflector as the base plane and the normal as the principal axis. By rotating the emitting direction of the micromirror, we move the light to the desired illumination position. We rotate the first micromirror by 2.5 • in the +X direction for its normal and the normal of the main reflector (e.g., z axis in Figure 3a) to form an angle of 2.5 • , thereby completing the design of the first micromirror. Then, we use the above formula 
48).
We rotate the second micromirror by 3.0 • in the +Y direction for its normal and the normal of the main reflector to form an angle of 3.0 • , thereby completing the design of the second micromirror. We build the other micromirrors in the same manner. In the design of the micromirror of 75R illumination value of the compensation measuring point, we use 12 micromirrors to change the direction of light emission and guide the light around Point 75R to Point 75R to compensate for the lack of the illumination value of Point 75R. Then, we measure the illumination value at Point 75R (12.25 lux), which reaches the regulatory standard. We consolidate the spatial coordinates and rotation angles of the 12 micromirrors in Table 2 . In the illumination value compensation design of Point 50R, we obtain the space coordinates of the first micromirror at compensation point 50R according to the above formulas, and their positions on the XY space coordinates are (−0.40, −4.05), ( . We rotate the second micromirror by 3.0 • in the +Y direction for its normal and the normal of the main reflector to form an angle of 3.0 • , thereby completing the design of the second micromirror. We build the other micromirrors in the same manner. At compensation point 50R, we use 21 micromirrors for direction adjustment. After adjustment, the illumination value measured at Point 50 is 12.546 lux, which meets the regulatory standards. Then, we consolidate the spatial coordinates and rotation angles of the 21 blocks Table 3 . Through the micromirror design, the illumination value of each measuring point of the light field on the work plane is consistent with the illumination value of the measuring point specified in ECE R112. Therefore, we initially complete the design of the single lamp module. form an angle of 3.0°, thereby completing the design of the second micromirror. We build the other micromirrors in the same manner. In the design of the micromirror of 75R illumination value of the compensation measuring point, we use 12 micromirrors to change the direction of light emission and guide the light around Point 75R to Point 75R to compensate for the lack of the illumination value of Point 75R. Then, we measure the illumination value at Point 75R (12.25 lux), which reaches the regulatory standard. We consolidate the spatial coordinates and rotation angles of the 12 micromirrors in Table 2 . In the illumination value compensation design of Point 50R, we obtain the space coordinates of the first micromirror at compensation point 50R according to . We rotate the second micromirror by 3.0° in the +Y direction for its normal and the normal of the main reflector to form an angle of 3.0°, thereby completing the design of the second micromirror. We build the other micromirrors in the same manner. At compensation point 50R, we use 21 micromirrors for direction adjustment. After adjustment, the illumination value measured at Point 50 is 12.546 lux, which meets the regulatory standards. Then, we consolidate the spatial coordinates and rotation angles of the 21 blocks Table 3 . Through the micromirror design, the illumination value of each measuring point of the light field on the work plane is consistent with the illumination value of the measuring point specified in ECE R112. Therefore, we initially complete the design of the single lamp module. 
Setup of the Headlamp System
In this section, we design the light field specification at the low beam mode and the illumination specification at the high beam mode. In ECE R1122, the left and right widths of the low beam should reach 7920 mm. The regulation has no height restrictions. The light field generated by the single lamp module we designed has a width of 4360 mm, as shown in Figure 4a , which is far from the regulatory standards. For the width of the light field to reach the regulatory standards, we use multiple modules to build a complete headlamp system and integrate the multiple light fields into a single light field in a stacking manner, resulting in a light field width of over 7920 mm. The design concept is shown in Figure 4b . Initially, we use three modules for simulation, rank the three modules horizontally, and simultaneously begin to form a group of combined light fields on the work plane, as shown in Figure 4c . The width of light field is 8560 mm, which satisfies the 7920 mm requirement. The low beam system is completed. Next, we design the illumination standard for the high beam. In ECE R112, Energies 2019, 12, 707 9 of 12 the illumination field of the high beam must have an illumination value greater than 24 lux in the horizontal ±1125 mm area and greater than 6 lux in the horizontal ±2250 mm area. The maximum illumination value in the light field must be between 48 and 240 lux, and the illumination specification is as shown in Literature [20] . The light field of the high beam lamp we simulated is verified, as shown in Table 4 . This table shows that the maximum illumination value and the average illumination value in the horizontal ±1125 mm area do not meet the specifications. Thus, we use the design concept of low beam to correct the illumination by increasing the illumination value in a stacking manner to make it standard. First, we add three headlamp modules in the upper part of the low beam system we just built and use six headlamp modules in this system in high beam mode. The light field diagram is shown in Figure 4d . Second, we analyze the illumination of the light field generated by the system. In terms of the maximum illumination value, the simulation result is 63.98 lux, and the average illumination value of the horizontal ±1125 mm area is 43.17 lux; both meet regulatory requirements. Therefore, we have established a complete lamp system with the function of modulating high and low beams. When operating in the low beam mode, the three lamp modules in the lower half of the lamp system are turned on and operate in the low beam mode. The schematic for this mode is shown in Figure 5a . When operating in the high beam mode, the six lamp modules in the lamp system are simultaneously turned on and operated in the high beam mode. The schematic is shown in Figure 5b .
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Street Visualization
To demonstrate the real condition for using this laser headlamp, we created an imaginary road space and put the headlamp system in this space. We established roads and road markings in the Figure 6 shows the top view energy distribution and the street visualization with LED and laser headlamps, respectively. We used the high-power white pc-LED that the LED module performance is about 800 lm at 6.5 V -1 A = 123 lm/W. In Figure 6b ,d, the top view energy distribution of the LED headlamp shows 1 lux lines at 276 m less than 592 m of the laser headlamp. In Figure 6a ,c, the laser headlamp generated a better lighting filed through street visualization. The system using laser diodes put more light on the road in very interesting ways, such as by employing a layer of phosphorous where several blue laser beams intersect and creating a secondary white light with a potential for luminance that is approximately five times greater than the best current LED headlamps. Thus, the visibility range of the driver can be considerably increased. In automotive applications, this high luminance source allows new functions, such as picture beam, or lighting systems with a very compact output for very thin styling requests.
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Street Visualization
To demonstrate the real condition for using this laser headlamp, we created an imaginary road space and put the headlamp system in this space. We established roads and road markings in the optical system through traffic road regulations. The refractive index of the raods is approximately 1.55. Figure 6 shows the top view energy distribution and the street visualization with LED and laser headlamps, respectively. We used the high-power white pc-LED that the LED module performance is about 800 lm at 6.5 V -1 A = 123 lm/W. In Figure 6b ,d, the top view energy distribution of the LED headlamp shows 1 lux lines at 276 m less than 592 m of the laser headlamp. In Figure 6a ,c, the laser headlamp generated a better lighting filed through street visualization. The system using laser diodes put more light on the road in very interesting ways, such as by employing a layer of phosphorous where several blue laser beams intersect and creating a secondary white light with a potential for luminance that is approximately five times greater than the best current LED headlamps. Thus, the visibility range of the driver can be considerably increased. In automotive applications, this high luminance source allows new functions, such as picture beam, or lighting systems with a very compact output for very thin styling requests. 
Conclusions
The optical module of the laser headlamp in this study can combine two reflective lenses to form a mirror set in oval shape when the headlamp is operated in the high beam mode. When the headlamp is operated in the low beam mode, the reflective lens at the top portion is moved behind 
The optical module of the laser headlamp in this study can combine two reflective lenses to form a mirror set in oval shape when the headlamp is operated in the high beam mode. When the headlamp is operated in the low beam mode, the reflective lens at the top portion is moved behind the reflective lens at the bottom portion by the driving member, and only the reflective lens at the bottom can reflect the light to generate the optical field for the low beams. No additional laser light sources or shutters are required in the laser headlamp optical module developed in this study. The design with two reflective lenses can achieve results with high and low beams. In the vehicle headlamp system, six optical modules are used by the optical design, and the vehicle headlamp system can alternately operate in high and low beam modes to meet the illumination standard of high and low beams stipulated in relevant regulations. The energy distribution of the laser headlamp shows 1 lux line at 592 m. This study is characterized by what are presently considered to be the most practical and preferred embodiments. However, this study need not be restricted to the disclosed embodiment. On the contrary, it is intended to cover various modifications and similar arrangements included within the spirit and scope of the appended claims, which are to be accorded with the broadest interpretation to encompass all such modifications and similar structures.
